ends (Roth et al., 1992a (Roth et al., , 1992b Schlissel et al., 1993; Ramsden and Gellert, 1995) . Signal ends join to form signal joints, which characteristically retain all nucleotides of the RSS, whereas coding Summary ends join to produce coding joints that typically exhibit loss or addition or both of nucleotides (reviewed by Ku is a heterodimeric DNA end binding complex com- Lewis, 1994b) . Recent investigations have substantially posed of 70 and 86 kDa subunits. Here, we show that clarified the mechanism of cleavage. Studies in cell-free
assayed by cotransfection of RAG-1 and RAG-2 expression vectors along with plasmid V(D)J recombination substrates (Pergola et al., 1993; Taccioli et al., 1993 Taccioli et al., , 1994 Smider et al., 1994; Boubnov et al., 1995) . The rare coding and signal joints isolated from these cells generally contain excessive deletions (Taccioli et al., 1993) . Based on these data, it was suggested that Ku may be required for protecting or stabilizing ends and that it might participate in the joining reaction Taccioli et al., 1993 Taccioli et al., , 1994 Getts and Stamato, 1994; Blunt et al., 1995; Roth et al., 1995) . However, these hypotheses have not been addressed directly. Furthermore, analysis of V(D)J recombination in Ku-deficient fibroblasts was performed using extrachromosomal substrates, and in one study defective recombination was only observed under some transfection conditions (Pergola et al., 1993) , suggesting that the phenotype may be conditional.
To clarify the role of Ku in V(D)J recombination under physiological conditions, we generated mice homozygous for a targeted disruption of the XRCC5 gene. Since cleaved V(D)J recombination intermediates can be analyzed in thymocytes, these animals provide a unique tool for investigation of the role of Ku86 in the mechanism of V(D)J recombination in vivo. Our results demonstrate that Ku86 plays a critical role in the joining step. Unexpectedly, we found that Ku86 was not required for protection or stabilization of coding or signal ends. These data support a new model for the joining step of V(D)J recombination and suggest a novel role for Ku and DNA-PK in V(D)J recombination and DSB repair.
Results

Targeted Disruption of the XRCC5 Gene
To study the role of Ku86 in V(D)J recombination, we the cDNA, which encodes a 732 amino acid protein, 313 . This deletion generates a frameshift mutation after amino acid were cloned, and a targeting vector was generated . Boxes represent exons; shaded exons were deleted by tarure 1a). Homologous recombination resulted in a 6 kb geting.
deletion, including two exons containing nucleotides (b) Progeny of heterozygous matings were screened by Southern 701-964. Thus, the targeted mutation deletes amino blot analysis of tail DNA. BamHI-digested DNA was hybridized to a acids 229-313 and results in a frameshift after amino probe external to the deletion. The wild-type genomic fragment is acid 313, effectively removing 69% of the Ku86 protein 12 kb, while the targeted gene is 7.5 kb. Genotypes are indicated above each lane.
sequence. The mutation is called xrcc5 wild-type allele were readily detected by reverse transcription-polymerase chain reaction (RT-PCR), transcripts derived from the targeted allele were not de- (Figure 1d ). These data suggest that the targeted mutation is a null allele. A description of Analysis of the B cell compartment in Ku86-mutant mice also showed developmental arrest at an early thymocyte development, B cell development, and V(D)J recombination is presented here. Additional aspects of stage. Normally, immunoglobulin heavy chain rearrangement is initiated in pro-B cells (B220 dull CD43 ϩ ) the phenotype will be presented elsewhere (Lim and Hasty, submitted) .
in the bone marrow. Once a functional heavy chain has been expressed, the cells progress to the pre-B cell stage (B220 ϩ CD43 Ϫ ), where Ig light-chain rearrangeEarly Arrest of B and T Cell Development Because Ku86 has been implicated in V(D)J recombinament occurs. B cell development in Ku86-deficient mice was arrested at the B220 dull CD43 ϩ stage, as shown in tion in cultured fibroblast cells, we examined mutant mice for effects on development of the immune system. Figure 3 . We estimate that the number of cells arrested at this stage in Ku86-deficient mice is similar to that Normal development of T and B cells is a highly ordered that the abundance of these rearrangements is decreased approximately 10-fold in scid and xrcc5Ϫ/Ϫ bone marrow (Figure 4a ). Similar levels of DH-JH coding joints have been detected previously in scid bone marrow (Pennycook et al., 1993) . Amplification for V H -J H 4 rearrangements detected very low levels of coding joints in both scid and xrcc5Ϫ/Ϫ bone marrow (Figure 4b ), which were at least 100-fold less abundant than in wildtype mice. These data indicate that, as in scid mice, coding joint formation at the Ig heavy-chain locus is severely impaired in xrcc5Ϫ/Ϫ mice.
To detect coding joints formed by TCR rearrangement, semiquantitative PCR analysis of thymocyte DNA preparations was performed. We have previously shown that rare coding joints derived from V␤8-J␤2.6 joining can be detected by PCR amplification of thymocyte DNA preparations from scid mice . The same primers were used to amplify thymocyte DNA preparations from newborn scid mice and from two different preparations from 16-day-old xrcc5Ϫ/Ϫ mice. Similar amounts of PCR products of the appropriate sizes were detected in all three samples ( Figure 4c ). By comparison with a dilution series of DNA from xrcc5ϩ/Ϫ thymocytes, we estimate that the abundance of V␤8-J␤2.6 coding joints is decreased at least 100-fold in scid and xrcc5Ϫ/Ϫ thymocytes ( Figure 4c ). Thymocyte DNA was also amplified using primers capable of detecting D␦2-J␦1 coding joints, which are readily detected in scid thymocytes (Carroll and Bosma, 1991; Roth et al., 1992a ). As we observed for TCR␤ rearrangements, PCR products derived from D␦2-J␦1 mice. We do not yet know whether large deletions, which are often observed at endogenous TCR and Ig loci in in scid bone marrow, with percentages ranging from scid lymphocytes, are also present in Ku86-deficient 5%-10% of total bone marrow cells in both mutant animice, as these would not be detected using PCR-based mals. No distinct B220 ϩ CD43 Ϫ population was identified assays. in Ku86-deficient mice, and cells expressing surface IgM were not detected. Mature B cells from Ku86-deficient mice were not apparent in the spleen (Figure 3 ), lymph Impaired Formation of Signal Joints nodes, or peripheral blood (data not shown). In sumSince D␦2-J␦1 coding joints were detected in Ku86-mary, the immunophenotype of Ku86-deficient mice is deficient mice, a sensitive PCR assay was used to similar to that of scid mice (Bosma et al., 1983; search for the reciprocal products, D␦2-J␦1 signal joints. et al., 1986), suggesting a severe impairment in assem-PCR products derived from signal joints were detected bly of functional TCR and Ig molecules.
in as little as 10 ng of thymocyte DNA from scid mice ( Figure 4e ). The identity of these products was further Impaired Formation of Coding Joints verified by digestion with the restriction enzyme ApaLI To detect coding joints in the B cell lineage, DNA prepa-(data not shown), whose recognition site is formed by rations from bone marrow of individual mice were amplia perfect signal joint (Roth et al., 1992b) . Although no fied for Ig heavy-chain rearrangements using a semi-PCR products of the appropriate size were apparent quantitative PCR assay. Amplification for DH-JH4 coding after amplification of 200 ng of DNA from two different joints revealed abundant rearrangements in xrcc5ϩ/ϩ xrcc5Ϫ/Ϫ thymocyte preparations, rare smaller prodor xrcc5ϩ/Ϫ littermates ( Figure 4a ). Rare D-J reucts could be detected ( Figure 4e ). These PCR products arrangements were also detected in xrcc5Ϫ/Ϫ or agemay be derived from signal joints containing deletions, matched scid mice. By comparison with products derived from serial dilutions of xrcc5ϩ/ϩ DNA, we estimate as seen previously in xrcc5 mutant cell lines (Taccioli et al., 1993) . These data indicate that unlike scid mice, Ku86-deficient mice have a severe defect in formation of signal joints, in agreement with previous results from xrcc5 mutant cell lines.
Presence of Hairpin Coding Ends and Full-Length Signal Ends
As noted above, Ku has been hypothesized to play a role in stabilizing or protecting the coding and signal ends from degradation. This model predicts that signal ends might be rare in xrcc5Ϫ/Ϫ cells, and, if present, these ends should exhibit loss of nucleotides.
To test these predictions, we examined signal ends using a sensitive semiquantitative ligation-mediated PCR (LMPCR) assay . This method, schematically illustrated in Figure 5a , detects broken molecules by ligating a double-stranded oligonucleotide to the broken end, followed by PCR amplification using a primer that hybridizes to the oligonucleotide and a primer specific for the region of interest. Since the short PCR products are displayed on polyacrylamide gels, even loss of a few nucleotides from the ends would be readily detected. Furthermore, the integrity of the signal ends can be assessed simply by digestion with ApaLI, as only those ends that retain all nucleotides of the RSS will generate an ApaLI site upon ligation to the oligonucleotide (Figure 5a ). Analysis of signal ends resulting from cleavage at the RSS 5Ј to D␦2 is shown in Figure 5b , demonstrating that the abundance of PCR products obtained from xrcc5ϩ/Ϫ thymocytes is roughly proportional to the amount of DNA added to the LMPCR assay. PCR products derived from 5Ј D␦2 signal ends were observed in two different preparations of thymocyte DNA from xrcc5Ϫ/Ϫ mice (Figure 5c ). The products migrate as single bands, and their abundance is comparable to that of PCR products derived from xrcc5ϩ/Ϫ or xrcc5ϩ/ϩ thymocytes. More than 95% of the products from xrcc5Ϫ/Ϫ thymocytes were cleaved with ApaLI, indicat- and extend these results, we analyzed J␦1 signal ends. and . These data suggest that coding ends Blunt coding ends, if present, would be directly ligata-(e) T4 DNA polymerase treatment fails to rescue nonblunt signal ble and should generate a PCR product of 135 nt that ends. Different preparations (2) of Ku86-deficient thymocyte DNA were examined in this experiment. DNA (500 ng) was used in each could be detected in the assay for signal ends (see PCR amplification. Designated lanes (T4 pol.) contain samples that Figure 5a ). However, no such products were detected were treated with T4 DNA polymerase prior to ligation. upon amplification of DNA from xrcc5ϩ/Ϫ or Ϫ/Ϫ thymocytes (see Figures 5b and 5c ), as shown previously for wild-type and scid thymocytes . might be present in Ku86-deficient mice, the majority of To detect potential coding ends with nonflush termini, signal ends are flush and full length, consistent with our DNA samples were pretreated with T4 DNA polymerase previous analysis of signal ends in wild-type and scid to convert single-stranded extensions to blunt form. thymocytes .
Again, no coding ends were detected (see Figure 5e ). To assess the status of coding ends in thymocytes, These data indicate that neither flush nor nonflush codwe chose to study the TCR D␦2 element, which allows ing ends accumulate to detectable levels in xrcc5Ϫ/Ϫ detection of both coding ends and signal ends using thymocytes, as shown previously in wild-type and scid mice (Zhu and . the same PCR primers, providing a convenient internal To detect covalently sealed coding ends, DNA prepa-
V(D)J Recombination Is Arrested After the Cleavage
Step in Ku86-Deficient Thymocytes rations were treated with mung bean nuclease, which Previous analysis of V(D)J recombination using extraopens the hairpins to give ligatable blunt ends (Figure chromosomal recombination substrates transiently 6a). Hairpin coding ends were detected in scid thymotransfected into xrcc5 mutant cell lines led to the sugcyte DNA (Figure 6b ), as shown previously (Zhu and gestion that Ku might play a role in stabilizing or pro- . Roughly equivalent levels of coding and tecting ends in preparation for joining, as discussed signal ends were observed, in agreement with previous above. Here, we have shown that both types of V(D)J Southern blotting studies (Roth et al., 1992a) . LMPCR recombination intermediates generated by cleavage in of two different thymocyte DNA preparations from cell-free systems, hairpin coding ends, and blunt signal xrcc5Ϫ/Ϫ mice generated roughly equal amounts of ends accumulate in an unprocessed form in Ku86-defi-PCR products derived from both signal and coding cient thymocytes but are rarely joined. These observaends. As expected, only signal ends were detected in tions indicate that Ku86 is not required for cleavage, xrcc5ϩ/Ϫ or ϩ/ϩ thymocytes. Additional experiments and they are inconsistent with an obligatory role for using PCR primers specific for the TCR D␤1 element Ku86 in protection or stabilization of either signal or also detected hairpin coding ends in samples from scid coding ends. Although it is possible that Ku70 may play and Ku86-deficient thymocytes, whereas only signal a role in protection of ends, expression of Ku86 is apparends were detected in xrcc5ϩ/ϩ thymocyte DNA (data ently required to stabilize the Ku70 protein (Chen et al., not shown). These data indicate that Ku86-deficient 1996; Errami et al., 1996) . Additionally, both Ku subunits mice, like scid mice, are defective for processing of are required for DNA end binding and for activation of hairpin coding ends.
DNA-PK CS (Getts and Stamato, 1994; Ono et al., 1994; Rathmell and Chu, 1994; Taccioli et al., 1994; Smider et al., 1994; Boubnov et al., 1995; Chen Discussion et al., 1996) . These data suggest that neither the Ku86-Ku70 complex nor DNA-PK CS are necessary for protecKu86 Is Required for Efficient Formation tion or stabilization of either coding or signal ends but of Coding and Signal Joints In Vivo are required for progression of V(D)J recombination past Here, we report the generation of Ku86-deficient mice, the cleavage step. providing a new system to study the role of this protein Signal ends detected in Ku86-deficient thymocytes in V(D)J recombination and DSB repair in vivo. These are present in an intact ligatable form, as their detection mice exhibit severely impaired formation of coding joints by LMPCR depends upon ligation to a flush nonphosat the chromosomal Ig and TCR loci in both B and T phorylated double-stranded oligonucleotide pair. Thus, lymphocyte lineages, similar to that seen previously in the signal ends are blunt, free of covalent modifications, scid mice. However, unlike scid mice, a severe defect and contain 5Ј phosphoryl groups. Unmodified ligatable in signal joint formation is observed in Ku86-deficient signal ends also accumulate in xrcc5 mutant cell lines, mice. As shown previously in other animals bearing muwhich are severely defective for signal joint formation tations that impair V(D)J recombination, development (J.-O. Han, S. Steen, and D. B. R., unpublished data). of B and T lymphocytes is arrested at an early stage, The failure to join these ends is not due to a global resulting in a severe combined immunodeficiency. defect in end joining, as xrcc5 mutant cell lines are The detection of low levels of DNA-PK CS protein in capable of efficiently circularizing linear DNA molecules scid cells by Western blotting (Kirchgessner et al., 1995;  introduced by transfection (E. Kabotyanski, L. GomelLeber et al., 1996) has led to the suggestion that the sky, J.-O. Han, and D. B. R., unpublished data). These murine scid allele may not be totally defective (Kirchgesdata suggest that signal ends are not available for joining sner et al., 1995; Wiler et al., 1995) . Partial activity could in Ku-deficient cells. A similar argument can be made explain the presence of rare coding joints at both Ig for hairpin coding ends, as these ends accumulate in Pennycook et al., 1993) and cells of Ku86-deficient and scid mice. Previous studies TCR (Carroll and Bosma, 1991; Kienker et al., 1991; have shown that scid cells are not defective for opening et al., 1992a; Bogue et al., 1996) loci in scid mice and of exogenously introduced hairpins (Lewis, 1994a ; cell lines. Our data address this point, as we detect Staunton and Weaver, 1994) . Together, these observacoding joints at the Ig heavy chain locus and at two TCR tions suggest that in scid and Ku86-deficient cells, the loci in xrcc5Ϫ/Ϫ mice at levels comparable to those hairpin coding ends are unavailable for opening (Roth seen in scid mice. These data suggest that the formation et al. , 1995; . of rare coding joints in scid mice is not a special property of the murine scid allele but rather may represent a bypass pathway that also operates in the absence of Disassembly of the Cleavage Complex: Ku86. It is not clear why formation of signal joints is A Role for Ku and DNA-PK? more severely affected in Ku86-deficient mice than in The data described above can be explained by proposscid mice. However, the equine scid mutation, which ing that the products of the V(D)J cleavage reaction affects DNA-PK CS , impairs formation of both coding and remain sequestered in a DNA-protein complex and that signal joints . Perhaps in scid mice, Ku and DNA-PK CS are required, either directly or indi-DNA-PKCS retains some residual function that allows rectly, to make the coding and signal ends available for formation of signal, but not coding, joints (Wiler et al., further processing. Although the nature of this hypothetical complex remains unknown, one obvious possibility 1995).
is that it may contain components of the cleavage matantalizing, and it will be interesting to see if DNA-PK is chinery. A requirement for complex formation prior to also involved in regulation of heat shock and stress cleavage is supported by results from both cell-free responses. systems and in vivo studies that suggest that efficient This model suggests a simple explanation for the failcleavage requires formation of a synaptic complex inure of signal and coding ends to join efficiently in Ku86-volving RAG proteins bound to a 12/23 RSS pair (Eastdeficient thymocytes or xrcc5 mutant cell lines. The rare man et Steen et al., 1996; van Gent et al., junctions that arise in cells deficient for Ku or DNA-PK CS 1996b). Recent studies using purified RAG-1 and RAG-2 could be explained by the occasional escape of coding proteins indicate that all information essential for asand signal ends from the synaptic complex. Such essembly of the complex is specified by these two proteins caped ends might be free and thus would be available (van Gent et al., 1996b) . However, other factors may for nucleolytic degradation, which could explain the high play a role in formation or stabilization of the synaptic frequency of abnormal deletions observed in junctions complex in vivo. Our data are consistent with the notion formed by V(D)J recombination in scid and xrcc5 mutant that the complex remains assembled after cleavage, cells (Schuler et al., 1986 (Schuler et al., , 1990 Lieber et al., 1988 ; Taccilimiting the accessibility of the broken ends.
oli et al., 1993). Endonucleolytic cleavage would provide A precedent for this model is provided by the bacterioanother means of escape from arrested complexes, phage Mu transposition reaction, which occurs by a which could account for the large deletions observed mechanism chemically similar to the cleavage step of in scid lymphocytes. V(D)J recombination (van Gent et al., 1996a) . In the Mu
Another attractive feature of the model is that it prosystem, cleavage is preceded by formation of a stable vides a unifying explanation for several previously percomplex involving a tetramer of MuA transposase moleplexing observations. For example, while scid cells excules bound to the two Mu ends (Surette et al., 1987;  hibit severe defects in coding joint formation, their ability Baker and Mizuuchi, 1992; Savilahti et al., 1995;  Aldaz to form nonstandard junctions that involve joining a codet al., 1996; Savilahti and Mizuuchi, 1996) . The complex ing end to a signal end is affected much less severely becomes even more stable after cleavage and strand (Hendrickson et al., 1991; Lieber et al., 1988 ; D. B. R., transfer (Surette et al., 1987) , and this strand transfer unpublished data). Two classes of such nonstandard complex is a poor substrate for replication both in vivo products have been described: hybrid junctions, in and in vitro (Mhammedi-Alaoui et al., 1994 ; Kruklitis and which a coding end is joined to a signal end, and openNakai, 1994; Levchenko et al., 1995; Kruklitis et al., 1996) , and-shut junctions, which result from cleavage followed indicating that the bound transposase limits accessibilby religation of the two ends (Lewis et al., 1988) . Both ity of the host replication machinery. The Escherichia types of junctions involve misidentification or mishancoli ClpX protein, a member of the Hsp100 chaperone dling of ends and may result from improper assembly family (Gottesman and Maurizi, 1992; Wickner et al., or premature disruption of the synaptic complex (Lewis 1994) , specifically interacts with MuA and promotes disand Hesse, 1991; Steen et al., 1996) . Such aberrant comassembly of the strand transfer complex, allowing acplexes might not require specific disassembly, allowing cess of the host cell replication machinery (Levchenko nonstandard junctions to form in scid cells. Kruklitis et al., 1996) . Thus, the Mu system
The model also provides a simple explanation for the makes use of a molecular chaperone to disassemble or observation that treatment of scid mice with DNA damremodel stable DNA-protein transposition intermeaging agents, such as ␥-irradiation, promotes limited diates.
formation of coding joints at multiple TCR loci by a Using these lessons from Mu transposition as a guide, process that depends upon p53 (Danska et al., 1994 ; we propose a similar model for V(D)J recombination. Murphy et al., 1994; Bogue et al., 1996) . DNA repair Like the Mu strand transfer complex, the fully assembled factors or stress-response proteins induced by DNA synaptic complex may be quite stable after cleavage damage might substitute, albeit perhaps poorly, for the and strand transfer (hairpin formation), preventing acchaperone molecules that would normally be specificess of the activities responsible for hairpin opening cally recruited by DNA-PK to disassemble the synaptic and joining of signal ends. We suggest that both Ku and complex after cleavage. It is tempting to speculate that DNA-PK CS may be required for specific disassembly or Ku and DNA-PK might play a role in general DSB repair remodeling of the complex. The notion of remodeling is similar to that proposed here for V(D)J recombination, attractive, as joining factors (possibly including Ku) may perhaps signaling chaperone proteins involved in disasbe specifically recruited to replace components of the sembling or remodeling DNA-protein complexes formed synaptic complex, allowing differential processing of during repair of chromosomal damage. coding and signal ends.
Ku could facilitate accessibility of the coding and signal ends in several ways. Perhaps Ku, which has heliExperimental Procedures case activity (Tuteja et al., 1994) , is actively involved in disassembling or remodeling the complex. An alterna- gene (Mielke et al., 1995) driven by the phosphoglycerate kinase 1
The recent observation that Ku functions in the regulapromoter (pgk-1; Adra et al., 1987) with the bovine growth hormone polyadenylation sequence (bpA; Pfarr et al., 1986) . The thymidine tion of a chaperone protein, Hsp70 (Kim et al., 1995) , is kinase (tk) gene from MCItk (Mansour et al., 1988) (negative selection of the DFL and DSP families. The VH7183 primer (DR214) also amplifies rearrangements from this multimember variable region family. marker) was cloned into a SalI site in Bluescript immediately 5Ј of the genomic homology. The 5Ј arm of the targeting vector is 3 kb, The J H4-specific primer (DR217) amplifies DNA rearrangements to J H1, JH2, and JH3, as well as JH4; however, our PCR conditions and and the 3Ј arm is 4.4 kb. The exon-intron boundaries immediately adjacent to the deletion were determined by sequencing. detection methods are optimized for the smaller PCR products; e.g., D H to J H 4. The Ig coding joint PCR products were detected using Embryonic stem cells were transfected with the targeting vector and cultured as previously described (McMahon and Bradley, 1990) a J H 4-specific probe (DR218) that does not overlap with the PCR primer. on a monolayer of mitotically inactivated SNL 76/7 STO cells. Cells were trypsinized and resuspended in phosphate-buffered saline V␤8-J␤2.6 TCR coding joints were detected by PCR as described . This primer set amplifies DNA rearrangements (Ca 2ϩ , Mg 2ϩ -free). Transfection was performed by electroporation of 10 g of SalI-digested vector in 10 7 cells/ml phosphate-buffered to all J␤2 members; however, our conditions are optimized for J␤2.5 and J␤2.6 rearrangements. D␦2-J␦1 rearrangements were amplified saline at 230 V, 500 F using a Bio-Rad Gene Pulser. An electroporation was plated onto four 10 cm plates, and positive/negawith DR6 (upstream of the D␦2 coding region) and DR53 (within the J␦1 coding region) and probed with DR2 , which tive selection media (containing 3 g/ml puromycin and 0.2 mM FIAU [1-(2Ј-deoxy-2Ј-fluoro-␤-D-arabinofuranosyl)-5-iodourahybridizes to a region 5Ј of the D␦2 coding sequence. The reciprocal signal joint for D␦2-J␦1 was amplified by circular PCR using a primer cil]) was added 24 hr later. After 9 days of selection, colonies were picked for Southern analysis.
3Ј of the D␦2 signal sequence (DR21) and 5Ј of the J␦1 signal sequence (DR161 (Ramirez-Solis et al., 1992) .
D␦2 signal and coding ends were detected by LMPCR, which has BamHI-digested DNA was separated by electrophoresis through been described in detail, as have conditions for ApaLI restriction a 0.7% agarose gel, transferred to Hybond-N ϩ (Amersham), and enzyme digestion and T4 DNA polymerase and mung bean nuclease hybridized to a random primed probe (0.5 kb HindIII-BamHI fragtreatments . PCR products ment, external to the targeting sequences). The wild-type 12 kb were separated on 6% polyacrylamide gels, transferred to GeneBamHI fragment was reduced to 7.5 kb after gene targeting.
Screen Plus, hybridized to end-labeled internal oligonucleotide probes, and detected using a Molecular Dynamics Phosphorimager.
Northern and RT-PCR Analysis
Total RNA was isolated from primary embryonic fibroblasts for either Northern or RT-PCR analysis using the guanidinium isothiocyanate Oligonucleotides for PCR Primers and Probes procedure (Chomczynski and Sacchi, 1987) . For Northern analysis, XRCC5 5Ј-s, 5Ј-CCTTTTCCAATCGACAAGAATGGC RNA was separated by 1.2% formaldehyde agarose gel electropho-XRCC5 5Ј-as, 5Ј-CTCATCCACTTTAGAAAAAGGAAT resis and was transferred to Hybond-N ϩ . Blots were hybridized with XRCC5 3Ј-s, 5Ј-ATTCCTTTTTCTAAAGTGGATGAG a random-primed 32 P-labeled xrcc5 cDNA probe (nucleotides 533-XRCC5 3Ј-as, 5Ј-AATCAGATCATCAATAGCGCT 1393) and rehybridized with a ␤-actin probe as a loading control.
XRCC5 p#1, 5Ј-TTGAGGAAAGGAGGGTTTGAG Reverse transcription was performed with random primers using 1 XRCC5 p#2, 5Ј-TTATGACAAAAGATCTAATCC g of total RNA. RNA quality was confirmed by RT-PCR of the HPRT HPRT 5Ј-primer: 5Ј-TCCCTGGTTAAGCAGTACAGC gene. PCR reactions were 30 cycles of 93ЊC for 30 s, 59ЊC for 1.5
HPRT 3Ј-primer: 5Ј-CCAACACTGCTGAAACAT min, and 72ЊC for 1 min.
DR53: 5Ј-TGAATTCCACAGTCACTTGGGTTC DR21: 5Ј-GTCATATCTTGTCCAGTCAACTTCC Mice, Cell Preparation, and Flow Cytometry Analysis DR161: 5Ј-GCCCTCTAGCCATGACATCAGAGC Mice homozygous for the targeted xrcc5 allele were generated by DR162: 5Ј-GATGAGCCAGCTGGATGAGTAACAC crossing heterozygotes. Mice were genotyped by tail DNA Southern DR214: 5Ј-CGCGAAGCTTCGTGGAGTCTGGGGGA blot analysis. Single cell suspensions were prepared from the thy-DR217: 5Ј-GGGGAATTCCTGAGGAGACGGTGACT mus, spleen, and lymph nodes by homogenization. Bone marrow DR218: 5Ј-ACCCCAGTAGTCCATAGCATAGTAAT cells were harvested from both femurs by syringe lavage, and peripheral blood lymphocytes were enriched by lysis of red blood cells from heparinized blood. Cells were collected and washed in PSA Acknowledgments (phosphate-buffered saline with 1% fetal bovine serum and 0.01% azide). Cells were counted using a hemacytometer. Samples were Correspondence should be addressed to D. B. R. We thank Tania not pooled unless cell numbers were limiting. Each experiment was Baker, Martin Gellert, Susanna Lewis, and Katheryn Meek for stimuperformed on multiple samples; data shown are from representative lating discussions. Tania Baker, Martin Gellert, Jung-Ok Han, Mark experiments.
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expression of the mouse pgk-1 gene and the nucleotide sequence DNA was prepared as described (Roth et al., 1992b) . DNA samples of its promoter. Gene 60, 65-74. were subjected to PCR for the detection of antigen receptor gene rearrangements in B and T cell lineages. The Ig coding joints examAldaz, H., Schuster, E., and Baker, T.A. (1996) . The interwoven architecture of the Mu transposase couples DNA synapsis to catalysis. ined were DH-JH4 and VH7183-JH4. The degenerate DH primer (DHL) has been described (Schlissel et al., 1991) amplifying most members
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